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The usage of micro-robot in both industry and medical fields has been 
taking an important role. However, size and complexity limit their applications. 
People are looking forward for a robot with simpler mechanism and smaller size. 
The SMA actuator is believed to be one of the best micro-robot actuators due to its 
simple mechanism, high power ratio and potential for miniaturization. 
Nevertheless, the SMA actuators commonly suffer from slow response which is 
caused by the slow cooling process. In this dissertation, we investigate the 
possibility of improving the time response of SMA actuator by using novel designs 
of the SMA actuators. We have used Nd:YAG laser to micromachine SMA wires 
and proved that these micromachined wire-actuators can respond approximately 
40% faster than conventional SMA wires at a transformation temperature of 31.5 
This thesis reports the results of both the simulations and experiments on 
improving the response of SMA actuators. In addition, the design of a simple 
3D0F micro-robot is also given as an example of SMA actuated system. 
Submitted by : Hui Fong Fong 
For the degree of Master of Philosophy 
at The Chinese University of Hong Kong in July, 2000 
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The major objective in this dissertation work is to enhance of SMA time-
response by laser-micromachining, which improve performance of micro-robots. The 
design of a micro-robot is given first, however, as an example of SMA actuated 
robotic system. In the section of the micro-robot, we wi l l first introduce a new type 
of multi-degree of freedom micro-robot using SMA. Then, we wi l l discuss relevant 
issues including robot design, materials used, locomotion method. In the section of 
modification of SMA wire using laser-micromachining, we wi l l first bring out the 
background theory, mathematic model, heat transfer enhancement concept and 
groove fabrication. After that, we wi l l verify the result through an extensive series of 
experiments. In addition, the author wi l l point out problems and challenges of this 
project and finally conclude the work with improvements and possible enhancement 
for future work. 
1.2 Background 
Micro-robots are now beginning to play an important role in both the 
industrial and the medical fields. In modem cities, many huge networks of pipes are 
set up in nuclear power stations, chemical plant, town gas supply and even 
underground. Since these networks are equivalent to a network of blood vessels in 
living things, the inspection and diagnosis of pipelines for maintenance are very 
important. Most of these operations are conventionally done by human labors. 
Recently, there is a growth of using robots instead of humans. Using robots for these 
operations frees humans from doing dangerous work, which enables high precision 
1 
operation in space and hostile environments. Apart from industrial applications, there 
is also an increase in using micro-robot systems in clinic. For example, the 
endosocopic techniques established in clinical practice for both diagnostic and 
therapeutic purposes are now combining with micro robotic system [1]. With the 
help of endoscopy, practitioner can treat only the organs that are affected by 
pathological conditions and conserve as much as possible the healthy organs and 
tissues. This kind of operation is one kind of Minimally Invasive Therapy (MIT). 
The integration of the micro-robot system provides the surgeon with more dexterity 
during MIT. These examples exhibit the important role of micro-robot in both the 
industrial and the medical fields. 
Existing micro-robots incorporate many different types of actuator elements, 
including electro-rheological fluids, piezoelectric elements, hydraulic pumps, 
pneumatic micro-valves, and shape memory alloys (SMA). SMA's have obvious 
advantages over other actuation methods in terms of potential to decrease the size and 
mass, and to increase the speed of future micro-robots. SMA actuators can produce 
large displacement and force, by utilizing simple mechanical structural elements. 
Furthermore, SMA elements serve a dual purpose in the sense that they are both the 
structural and functional (actuation) parts. By employing electrical current as the 
heating source, SMA's can be directly interfaced with electrical signals and can be 
driven by cycling between the heating and cooling process. It is expected that robotic 
systems using SMA actuators can be miniaturized significantly in the future by using 
emerging machining technologies such as MEMS processing and laser 
micromachining. Therefore, there has been increasing interest in the usage of SMA's 
to make robotic actuators over the past decade. In this dissertation, we would like to 
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recommend a new type of micro-robot for SMA application, which wi l l be conferred 
in chapters. 
1.3 Mechanism and History of SMA 
The term Shape Memory Alloys (SMA) is applied to the group of metallic 
materials that demonstrate the ability to return to some previously defined shape or 
size when subjected to the appropriate thermal procedure [2]. Generally, these 
materials can be easily deformed at some relatively low temperature or below its 
transformation temperature. While in this state, it possesses a low yield strength 
crystallography referred to as "Martensite". The new shape is retained i f the material 
is kept below its transformation temperature. Upon exposure to some higher 
temperature, the material reverts to its parent structure known as "Austenite" causing 
it to return spontaneously to the shape prior to deformation. This phenomenon can be 
harnessed to provide a unique and powerful actuator. Materials that exhibit shape 
memory only upon heating are referred to as having a "one-way shape memory". 
Some materials also undergo a change in shape upon re-cooling. These materials 
have a "two-way shape memory". 
The first recorded observation of the shape memory transformation was by 
Chang and Read in 1932 [3]. They noted the reversibility of the transformation in 
AuCd by metallographic observations and resistivity changes, and in 1951 the shape 
memory effect (SME) was observed in a bent bar of AuCd. In 1938, the 
transformation was seen in brass (CuZn). However, it was not until 1962, when 
Buehler and co-workers [4] discovered the effect in equiatomic nickel-titanium 
(NiTi), that research into both the metallurgy and potential practical uses began in 
earnest. Within 10 years, a number of commercial products were on the market, and 
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understanding of the effect was much advanced. Study of shape memory alloys has 
continued at an increasing pace since then, and more products using these materials 
are coming to the market each year [5],[6]. 
The special properties and the attractive potential in high recovery stresses, 
high power/weight ratios and the biocompatibility make shape memory alloys the 
perfect choice (and often the only choice) for many applications. SMA is being used 
in variety of applications. They have been used for military, medical, safety, and 
robotics applications. 
Apart from the advantages given by SMA, there is a major disadvantage of 
relatively slow operating speed. This disadvantage restricts the expansion of 
applications. In order to achieving faster operation, a number of techniques have 
been proposed for reducing SMA cooling time. Of the "static" cooling methods, 
water immersion, heat sinking and forced air-cooling are the most common. They are 
either external addition systems or environmental limited. None of the study about 
self-modification has been done. Consequently, we would like to propose a new 
method to enhance heat transfer by adding micro grooves on SMA. This method 
improves the heat transfer by using mechanical method without changing their 
physical properties. Further discussion wi l l be in chapter 4. 
1,4 Organization of the thesis 
This dissertation is divided into 6 chapters. Chapter 1 gives the background, 
reasons, and outline of this research. Chapter 2 consists of literature survey such as 
accomplishments and achievements of previous research and attempts. Chapter 3 
illustrates the design of one of the possible applications, its locomotion method and 
fabrication process. Chapter 4 comprises the concept of heat transfer enhancement 
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for SMA wire, and micro-grooves fabrication. The related equations wi l l be derived 
and explained in the same chapter with simulation results. Chapters focus on the 
Laser-micromaching. The theory and characteristics of our laser system wi l l be 
discussed. Also the measurement of the micro grooves wi l l be mentioned. The 
experimental data wi l l be analyzed in Chapter 6. After that, we wi l l try to optimize 
the geometrical parameters for heat transfer in Chapter?. Finally summarize this 
thesis with discussion and conclusion in Chapter 8. 
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2 LITERATURY SURVEY 
2,1 Previous achievements in micro robot 
A huge amount of research in micro-robots and actuators have been 
published in the century. Micro-robotics finds its place in medicine, 
biotechnology, environment, automotive and other precision motion control. 
Among the various types of realizable tasks by micro-robots, applications inside a 
pipeline-like environment wi l l only be discussed in this thesis. 
There are many existing micro-robots using different kinds of elements 
including electro-rheological fluid, piezoelectric element, hydraulics pump, 
pneumatic microvalves and shape memory alloy (SMA) actuators. They can be 
divided into three categories: micro-robot with mechanical devices, smart materials 
and micro actuators. 
2.1.1 Micro-robot with mechanical devices 
The traditional way to make mobile robot was using the wheels and motor. 
I. Hayashi et al. have introduced a screw-principle micro-robot [7]. To realize 
running in a pipe, a new small wheel preloading unit is used, which can keep the 
posture of the micro-robot stable and prevent interference arising between the 
micro-robot and the inner pipe wall. This robot is able to move inside a pipe with 
2.5cm〜3cm inner diameter, and can move forward and backward by simply 
changing the rotational direction. It also has the advantage of good traction. On 
the other hand, its size is relatively large as it including many mechanical 
components, which restricts its capability in scaling down. 
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2.1.2 Micro-robot with smart materials 
The traditional DC motors used for macro robots were said to be difficult to 
a size useful for micro and miniature robots. The use of non-conventional 
actuators based on "intelligent" materials (or "smart" materials) was 
recommended. 
In 1997, Y. Kondoh and S. Yokota have fabricated a micro in-pipe mobile 
machine with three-port micro ER valves [8], whose diameter and length are 
09.8mm and 34.5mm respectively. The ER micro valve consists of two pairs of 
electrodes connected in series to ER fluid flow. The ER fluid flows through a 
rectangular channel formed with the electrodes under a constant supply pressure. 
When an electro field is applied to ER fluids, polarized particles in the ER fluid 
pull against each other and form themselves into cluster. The clusters make the 
apparent viscosity increase and the fluid flow in the bellow-type actuators can be 
controlled. The bellow-type actuators can expand in axial direction according to 
the increase of an internal pressure and contract in the axial direction according to 
a decrease of an internal pressure, and hence, can be controlled with the micro 
valve. Based on this actuation the robot can move like an inchworm. 
Nevertheless, the output force of the bellows actuator is small (approximate to 
0.07N), which wi l l result in a small clamping force. Therefore, the robot is unable 
to move in a slippery environment. 
Another example was given in 1995 by T. Idogaki et al., who have 
developed an in-pipe micro inspection robot using piezoelectric element [9]. The 
mechanism is composed of a PZT actuator, a mass and three clamping unit. When 
the driving voltage of the piezoelectric element is increased slowly, the 
piezoelectric element expands and the mass moves forward. Then, by decreasing 
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the voltage quickly the piezoelectric element shrinks quickly. At this time, the 
inertial force of the mass to retain the original position exceeds the maximum static 
force of the body. Consequently, by repeating this cycle the body moves forward. 
And the inverse sequence causes the backward moving cycle. The micro robot, 
which diameter is 5.5 mm and the weight is 1 g, moves in not only straight but also 
curved pipe. Its driving speed is lOmm/sec. 
Although this micro robot was designed with simple structure which is 
suitable for walking in a small pipe, it could not move up and down in vertical 
pipes since its driving mechanism utilizes the dynamic relationship between the 
inertial force and the maximum static friction force as the plane of contact. 
2.1.3 Micro-robot with micro actuators 
Aside from the previous described micro-robots that use smart materials, 
shape memory alloy (SMA) also being used to build micro-robots. In 1997, P. 
Dario presented the concept and described the design and fabrication of a new 
system for colonoscopy based on a micro-robot capable of propelling semi-
autonomously along the colon [10]. Different from the previous cases, SMA are 
not directly applied to the micro-robot. They are used to make SMA-based 
microvalves, which is able to control a pneumatic distributor. The pneumatic 
distributor controls the extension and clamping actuators. The overall dimension 
of the robot is 18mm in diameter and 50 mm in length in the contracted state, and 
80 mm in the extended state. This robot is able to travel inside a slippery and 
elastic environment because it provides suction at its clamping actuators to assure 
adhesion to the wall. Nonetheless, this robot can only offer the forward and 
backward motion, but not with any bending motion. 
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In order to deal with the problem of bending motion and linear motion, T. 
Fukuda has proposed new type rubber actuators using a Hydrogen Storage Alloy 
(HAS) for an in-pipe inspection robot, which is capable of moving inside of 
Rubber Tube Nylon See/e Tp Support 
j, I ^ _ 
L 丄 J * 
(pressured) 
Figure 2.1 The basic actuator structure and movement of the stretch 
type [11]. 
(a) In i t i a l ||om"»•丨丨 [)f …•‘、：山山“ 
configuration. (^) Straight >ove»ent. (c) Bending ooveraent. 
Figure 2.2 Basic flexible robot structure and movement [11]. 
pipelines with only two inches inner diameter [11]. Figure 2.1 and Figure 2.2 show 
the basic structure and movement of the stretch type. The actuator is made of 
rubber tube covered with nylon sleeve and two tip supports. One of the tip 
supports open and the actuators is pressured through it. Another is closed and 
fitted. The fabric nylon sleeve converts a deformation of the rubber tube pressured 
in it to elongation in the length direction. Using twelve actuators among four of 
them are independent driving actuators and others are used for holding units. The 
holding unit has four actuators and move together. With this configuration, the 
robot can move in the inchworm mode through pipelines and is adaptive for 
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changing pipe diameters. It is also able to pass over the L-and T-joints of 
pipelines. This kind of actuator is flexible enough, but it suffers from the problem 
of gas leakage and the small traction with slippery environment. 
2.2 Previous work in improving the SMA wire response 
After reviewed many previous achievements and their limitations in 
building micro-robots, it can be concluded that micro-robots with a high flexibility 
of multi-DOF, capability to walk in a slippery environment, and have the potential 
to miniaturize is highly desired. When all the materials described in above sections 
are compared, the SMA actuators offer advantages in both motion and force 
generation. The recovering stress of SMA can be as high as 500 MPa and 
recovering strain as high as 10%. It does not need reduction gears, motors and 
cams, and thus make the actuator light in weight, simple in structure and high work 
per unit volume and weight. It can also easily be controlled by electrical current. 
Therefore, SMA actuators are expected to be good robotic actuators. 
Conversely, SMA has also some limitations. A major disadvantage is their 
relatively slow operating speed. Due to the long cooling thermal time constant, the 
motion tends to be slow. Many work already attempted to solve this problem. 
There are three major methods for improving SMA performance: Fixed external 
cooling system, dynamic external cooling system and Physical Conversion. 
2.2.1 Fixed external cooling System 
Since heating and cooling must be repeated to operate the SMA actuator, 
methods of heating and cooling are important. The common heating method is 
electric heating. When we use this kind of heating method, we are also facing the 
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problem of cooling, because the response of the actuator is slow on cooling 
process. There are a number of techniques which have been proposed for reducing 
SMA cooling time and thus achieving a faster operation. By the "static" cooling 
methods, water immersion, heat sink and forced air-cooling are the most common. 
Experiments have been performed by M. Hashimoto to compare the effect of 
different cooling techniques [12]. 
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Figure 2.3 Cooling curves for various cooling methods of 0.8 Ti-Ni wires [12]. 
Figure 2.3 shows the cooling rate for the cooling curves of a 00.8 mm NiTi 
wire for various cooling methods. From the figure we know that the cooling rate 
for the heat sink method is faster than other methods and is about 21°C/s. While 
using the air-cooling method, the rate is about 0.7。C/s. Compare with these two 
methods, the cooling rate of the heat sink is 30 times as fast as that of the air-
cooling method. The ventilation some how can improve the cooling rate, but it is 
still slow compare to heat sink or water immersion. The cooling rate obtained by 
using a fixed heat sink or water immersion are not only best among the four kind of 
methods, but these methods also do not need an energy source for cooling. 
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However, a large increase in power consumption results for heat lost to the cooling 
medium while providing an improved speed. For example, Y. Furuya describes an 
underwater crab-like vehicle [13]. He demonstrates the underwater operation can 
provide a ten-fold decrease in joint cycle time, but with an increased twenty times 
power consumption. Therefore, someone is considering another method to avoid 
the large introduced heat consumption. 
2.2.2 Dynamic external cooling system 
In 1995, R. A. Russell presented a mobile heat sink for improving the 
performance of speed [14]. It is expected that, eventually, most of the performance 
improvement achieved with static heat sinks can be gained, but without the 
increase in power consumption that conventional heat sink normally requires. The 
apparatus of this system includes two wires, heat sink and a mobile link. The 
actuator configuration of the two-wire differential type is illustrated in Figure 2.4a. 
The major innovation in this apparatus is the friction clutch mechanism linking the 
output shaft to the heat sink. Initially, both wires are at room temperature, and are 
the same length (Figure 2.4b). As the top wire is heated, it contracts, causing the 
actuator to rotate counter-clockwise. The friction clutch drags the heat sink to 
contact the opposite SMA wire (Figure 2.4c). Then, the heat sink cools that SMA 
wire. As soon as heating of a wire ceases, the force exerted by that wire decreases, 
and it begins to stretch. This causes the heat sink to move away from the opposite 
wire. During repetitive motion, wires are never heated while in contact with the 
heat sink. As a result, power consumption wil l be much lower than that of an 
equivalent fixed heat sink. 
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Figure 2.4 The mobile heat sink SMA actuator [14]. 
The methods mentioned above are related to external supplementary 
cooling systems. Obviously, these wil l limit their applications or applied 
environment. That means the actuators wi l l have less flexibility. Therefore, we 
are trying to look for other methods for solving the problem of slow response of 
SMA wires. 
2.2.3 Physical Conversion 
Without depending on the external cooling system, the only method that we 
can make SMA with a better performance is changing the physical properties. 1. 
W.Hunter has reported the experimentally determined characteristics of NiTi 
fibers, which have been modified using a preparation procedure in which the 
characteristics of commercially available SMA material wi l l be modified [15]. By 
exposing NiTi fibers to very large brief current pulses (>10^ A/m^ which may be 
generated for example using 2000A radar thyristers) during externally imposed 
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shortening and lengthening cycles, their properties can be changed. After that 
preparation procedure, the altered NiTi wi l l both shorten and lengthen very fast. 
For a 100 mm long 0.8 mm diameter NiTi fiber following a single brief current 
pulse, it can have an elongation within 40 ms and have nearly fli l ly contraction 
back after 800ms. However, the reasons for the dramatically change in relaxation 
time is unclear, which wi l l cause a difficulty in the response prediction. Also the 
repeatability is uncertain at this time. 
2.3 Summary of literature survey 
In this section, we have reviewed a number of studies in both micro-robot 
and SMA response improvement. They are either to achieve smaller actuator size 
so as to make a smaller micro-robot with high flexibility or to have faster response 
for SMA actuators. Most approaches of micro-robot can achieve the linear motion 
which is sufficient for simple pipe inspection. When applying to a more 
complicated pipe network, the micro-robot should have more degrees of freedom. 
Obviously, smaller multi-degree of freedom micro robot has the advantage in 
flexibility and further applications. 
The surveys in SMA are mostly in external-connection to a cooling system. 
As we have mentioned, this kind of system has the disadvantage in adding more 
constraints to the SMA wire applications. It is essential to develop a technique for 
solving the actuating speed problem of SMA by using innovative methods. 
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3 3-DOF SMA MICRO ROBOT�AN APPLICATION FOR SMA 
ACTUATORS 
3,1 Robot conceptual design 
We wil l now describe a class of mechanisms and locomotion modalities 
which can be incorporated into a robot, and which can propel the robot in a 
enclosed circular (pipe-like) environment. After describing the mechanical 
components, we wil l provide a detailed presentation of the locomotion concepts 
which we use for propulsion. 
^ ^ ^ ^^^_2wQy SMA wire 
—^^^^^^^^^^^^^ f \ 
\~SMA spring 
Side view F r o n t v iew 
Figure 3.1 Side view and Front view schematic diagram of the SMA micro-robot. 
Our proposed robot is schematically diagrammed in Figure 3.1. As shown 
in the figure, this robot consists of some SMA wires and springs which are 
commercial available. The main components include an "extender" and two 
"grippers". The role of a gripper is to grasp the inside surface of the pipe in which 
the robot wi l l travel through. The gripper consists of three U-shaped, two-way 
SMA actuators. The U-shape is chosen to complete the circuit for current control. 
Each U-shaped actuator was then folded again along its minor axis and trained. 
The actuator was trained to straighten to its original U-shape at high temperatures 
and to bend back along its minor axis fold at low temperature. Thus when current 
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and the associated Joule heating, is applied to the wire, the actuator wi l l straighten. 
As a result, the gripper grasps the surface of the pipe. 
An extender contains two pairs of SMA springs in different spring length. 
When the springs are actuated in pairs, the extender provides the local axial 
expansion and contraction required for inchworm type locomotion. When the 
springs are actuated individually, they provide a bending motion which is used to 
give the robot directional control. Each pair of springs has been trained to have a 
different length of pitch when actuated. When the pair with the shorter pitch is 
actuated, the extender contracts. Conversely, actuating the pair with the larger 
pitch wi l l cause the extender to expand. To provide the bending motion, individual 
control of the springs is necessary. The bending angle can be adjusted by selecting 
the appropriate actuator spring and the number of actuated springs. Our robot 
prototype using 750|am diameter SMA wires for the grippers, and SMA springs of 
5mm coil diameter and 750|im wire diameter as an extender, is shown Figure 3.2. 
ABS resin is used for holding the actuators and springs in place. A hollow shape 
of body is designed for further working channel and space vision transmission. In 
addition, the robot is connected to a trailing cable for signal control. 
Figure 3.2 Robot prototype made of ABS resin and SMA actuators. 
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3.2 Structural analysis for the propulsion of robot 
As we have mentioned above, the gripper consists of two-way memory 
effect which was trained to straighten at high temperature and bend back at low 
temperature. Whenever the extender contracts or expands, the grippers have an 
accompanying tendency in moving. The frictional force then acting along the 
surface between the gripper and the wall i f the gripper is straightens. This friction 
can be used to avoid sliding. 
Figure 3.3 shows the system force diagram of the robot. When the extender 
expands, it exerts a force F^ at both its ends. According to the laws of friction, 
frictional forces act along the surface between two bodies whenever one moves or 
tries to move over the other, and in a direction so as to oppose relative motion of 
the surfaces. The frictions are indicated with F小 Both the limiting friction 
and the dynamic frictional force are directly proportional to the normal force. The 
relationship between the normal force and the friction is F= juN, where ju is the 
coefficients of friction and is depended on the roughness of the surface. For a 
smooth surface, / / is small while a larger ju for a rough surface. 
Fs Fs 
F r l — ^ _ ^ 一 Fr2 
^ ^ r t F2 
Figure 3.3 Forces acting on the robot when the extender expands. 
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Patently, the normal force is directly related to the acting force from 
gripper. When the rear gripper is straightened, a force F2 is acting on the surface 
of the wall. However, even the front gripper is not actuated, there is a smaller 
force F1 acting on the wall due to the elasticity. Their corresponding frictions are 
F^i and F。. Naturally, F , � is smaller than because F1 is small than F2. Suppose 
is large enough, the F^ is eventually compensated by the and the front 
gripper wi l l move forward under a force F, which is given by F= F^ -F^j. For the 
case of contraction of extender, it is similar but with opposite direction in both the 
Fs and the frictions. By activating the different gripper, we can control the motion 
direction of robot. 
3.3 Two-way shape memory effect 
In the ordinary shape memory effect or called "one-way memory", only the 
shape of the parent phase is remembered. However, it is possible to remember the 
shape of martensitic phase under certain conditions. The ability to recover a preset 
shape upon heating above its transformation temperatures and return to an alternate 
shape upon cooling is called "two-way memory". Although the "two-way 
memory" provides a reversible mechanism which wi l l be beneficial to actuator 
application, there are a number of limitations that should be considered before we 
attempted to use this kind of behavior. The constrained properties [16], [17] 
includes: 
a. The amount of recoverable strain is generally about 2%, which is much 
lower than that which is achievable in one-way memory (6 to 8%). 
b. The transformation forces upon cooling are extremely low. 
c. The memory can be erased with very slight overheating (as low as 250 °C). 
18 
d. The long-term fatigue and stability characteristics are not well known. 
e. The inherent temperature hysteresis between the heating and cooling 
transformations is still present. 
Based on previous limitations, it is better to make use of one-way memory 
with biasing force acting against the shape memory element to return it upon 
cooling, specially for those applications requiring large strains, high forces in both 
heating and cooling directions. Therefore, we use two pairs of spring in the 
extender to gain a larger force for moving. For the grippers, the function of the 
two-way memory behavior is for a faster and larger reducing in exertion force to 
the wall. The amount of recoverable strain is not a main concern. 
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3,4 Material Selection 
There are only two commercially available groups of shape memory alloys 
for actuator applications today, the copper-based alloys and the Nickel-Titanium 
alloys. They have different properties that wi l l be suitable for different 
applications [19]. 
3.4.1 Nickel-Titanium Alloys. 
The Nickel-Titanium alloy (Ni-Ti) is a kind of special compound which 
shows good combination of properties over the others. Ni-Ti alloys are ordered 
intermetallic compounds based on the equiatomic composition. The intermetallic 
compound is extraordinary because it has a moderate solubility range for excess 
nickel or titanium, as well as most other metallic elements, and it also exhibits a 
ductility comparable to most ordinary alloys. This solubility allows alloying with 
many of the elements to modify both the mechanical properties and the 
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transformation properties of the system. Excess nickel, in amounts up to about 1%, 
is the most common alloying addition. Excess nickel strongly depresses the 
transformation temperature and increases the yield strength of the austenite. Other 
frequently used elements are iron and chromium (to lower the transformation 
temperature), and copper (to decrease the hysteresis and lower the deformation 
stress of the martensite). Because common contaminants such as oxygen and 
carbon can also shift the transformation temperature and degrade the mechanical 
properties, it is also desirable to minimize the amount of these elements. 
3.4.2 Copper-based Alloys 
Commercial copper-base shape memory alloys are available in ternary 
CuZnAl and CuAlNi alloys, or in their quaternary modifications containing 
manganese. Elements such as boron, cerium, cobalt, iron, titanium, vanadium, and 
zirconium are also added for grain refinement. The shape memory properties of 
copper-based shape memory alloys are quite sensitive to alloying elements which 
are added to adjust the martensitic transformation temperatures and to optimize 
thermal stability as well as mechanical properties. 
3.4.3 Comparison of Ni-Ti and Copper-based alloys 
Compare with these two alloy systems, the NiTi alloys have greater shape 
memory strain. It can exert up to 8% strain while only 4 to 5% for the copper-base 
alloys. Besides, it tends to be much more thermally stable, have excellent 
corrosion resistance compared to the copper-base alloys' medium corrosion 
resistance and susceptibility to stress-corrosion cracking, and have much higher 
ductility. On the other hand, the copper-base alloys are much less expensive, can 
be melted and extruded in air with ease, and have a wider range of potential 
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transformation temperatures. The two alloy systems thus have advantages and 
disadvantages that must be considered in a particular application. 
The shape memory alloy selected for our actuator material is Nitinol, which 
equals to Ni-Ti alloy. Its properties include good electrical conductivity, high 
mechanical strength, long fatigue life, high corrosion resistance and easy 
workability. Due to its high strength, reasonable cost and its ability to recover 
large strain, Nitinol is currently the most popular SMA among those discovered. 
Nitinol wires and springs are employed in all the actuating parts of our robot. 
Figure 3.4 shows the wire and spring used in our prototype. 
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Figure 3.4 The materials that we used to fabricate our robot 
prototype. 
3.5 Fabrication process of micro robot 
The raw materials that we obtained from the commercial company are a 
package of Ni-Ti wire with straighten memory shape and some springs in the same 
length. So as to fulfill our design, it is necessary to do the shape setting. In this 
section, the methods for setting the wires and the springs wil l be discussed. 
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3.5.1 Setting the shape of Nitinol wires 
In our application, the actuators are required to be U-shaped. Generally, the 
use of Ni-Ti shape memory element for a particular application requires the setting 
of a custom shape. By holding the SMA in the desired ('memory") shape at a high 
temperature, a memorized shape is imprinted. This desired shape must be held 
even in the cooling process. When cooling, the alloy passes through the transition 
temperature range (TTR). Below this range the alloy can be released from its 
mandrel or fixture and wi l l appear pliable and soft, and the setting process is 
complete. 
In order to make a U-shaped Ni-Ti wire, we use some washers, screws and 
a platform with screw-hole array on it. As shown in Figure 3.5, we can simply 
make the SMA wire into desired shape and fix it with screws. This system has the 
advantage of flexibility. It can be used for setting various customize shape and 
high repeatability. 
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Figure 3.5 Drawing of the SMA fixation system. 
After preparing the fixture, a heat treatment is needed. The heat treatment 
parameters chosen to set the shape are critical and usually need to be determined 
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experimentally for each desired part's requirements. In general, temperatures as 
low as 400 °C and times as short as 1-2 minutes can set the shape, but it is 
preferable to use a temperature closer to 500 °C and times over 5 minutes. The 
setting we used is 500 °C for 15 minutes. Figure 3.6 shows the oven used for heat 
treatment. 
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Figure 3.6 The oven used for heat treatment. 
The preferable way of rapid cooling is water quench or rapid air cool. I f 
both the parts and the fixture are small, it is better to use air cool. But because of 
our large fixing platform, we use water-quenching method. 
3.5.2 Modifying the spring length 
There are extension and compression springs available commercially. 
Some company even can fabricate springs according to the customer's 
requirement. However, it wi l l be extremely expensive. With the aim of satisfying 
the need in our application, we suggest a method to change the pitch length of 
springs. 
Similar to the Ni-Ti shape setting process, it requires a fixture of the desired 
pitch length, heat treatment and fast cooling process. The only difference is the 
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fixture system. Figure 3.7 shows the fixture for springs. The spring is fixed in a 
comb-shaped structure and fastened on the platform. 
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Figure 3.7 The fixture for spring setting. 
3.5.3 Training for two-way memory 
The two-shape memory effect is a learned behavior. Under normal 
circumstances, a shape memory alloy remembers its high temperature shape. Once 
it is heated up to recover the high temperature shape, the low temperature 
(deformed) shape is forgotten. However, it can be trained to remember the low 
temperature shape as well. This is accomplished by controlling to leave some 
reminders of the deformed low temperature condition in the high temperature. 
In order to deform the martensitic phase, it is necessary to apply force to the 
alloys. Such applies stress is not necessary to be high, because the martensitic 
phase can be easily deformed due to the movement of many fine twin boundaries 
under an application of low stress. I f we can introduce such stress in the alloy, the 
alloy wil l show a shape change upon cooling without applying any external stress. 
Then upon heating the alloy wil l exhibit a shape recovery to the original shape. 
These shape change repeats upon further thermal cycles. Here we would describe 
the different ways of doing this [17]. 
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3.5.3.1 Over deformation in Martensitic condition 
This method is to cool down the alloy below Mf and severely bent to well 
beyond the usual strain limit for completely recovery. When reheated to austenitic 
phase, the alloy wi l l not completely recover to the original shape because of the 
over deformation of the martensite. However, i f cooled again to the martensite 
range, the alloy wi l l spontaneously move back to the over deformed shape. The 
reason for the specimen remembered the shape of over deformation may be 
explained as follows [18]. Upon heavy deformation in martensite state, 
dislocations are introduced so as to stabilize the configuration of martensites. 
These dislocations exist even in the parent phase after reversible transformation 
upon heating, and the stress field around them induces particular h.p.v. upon 
cooling. 
3.5.3.2 Trained by repeating Cycling 
This procedure simply consists of repeatedly carrying out shape memory 
(SM) cycles until the two-way behavior begins to be demonstrated. Each SM cycle 
includes of the component cooling below Mf, deformed to a shape below the strain 
limit and heated to recover the original high temperature shape. After a few cycles 
(around 5 to 10) have been carried out, the component wi l l begin to spontaneously 
change shape on cooling. It wi l l move in the direction in which it has been 
consistently deformed during the training cycles. This kind of training provides a 
less significantly change on cooling than that was being induced in the previous 
method. 
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3.5.3.3 Trained by Pseudoelastic Cycling 
This method consists of repeatedly stress-inducing martensite by loading 
and unloading the parent phase about the Af temperature but below M^ where 
pseudoelastic behavior is expected. The subsequent spontaneous shape change on 
cooling and heating is a faction of the training strain. 
3.5.3.4 Training by Constrained Temperature Cycling of Deformed Martensite 
This method requires deforming the component below Mf to produce a 
stress-biased martensitic microstructure. Then, the component is constrained in the 
deformed condition and heated to above Af. The sample is typically cycled from 
below Mf to above Af a number of times with the constrained in the original 
deformed shape to complete the training routine. This training method is relatively 
straightforward and effective. 
We use the second method of repeating the SM cycling to train our wire. 
Although this method provides small change on cooling, in our application, the 
change of the wire is not the main focus. The aim to use a two-way wire is to 
reduce the exertion force to the wall which is given by elasticity. This method can 
be done more easily than other methods and offer a sufficient performance. 
3.5.4 Fabrication of Body part 
Other than the Ni-Ti components, two sets of body parts are needed. To 
fabricate the body parts, the FDM (Fused Deposition Modeling) rapid prototype 
system is used [20]. Figure 3.8 shows the appearance of FDM system. The FDM 
process forms three-dimensional objects from CAD-generated solid or surface 
models. A temperature-controlled head extrudes thermoplastic material layer by 
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layer. The designed object emerges as a solid three-dimensional part without the 
need for tooling. 
Material injection h e a d ^ fi^^^^T^lldJ 
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Figure 3.8 The FDMsystem and the injection process inside the FDM system. 
The process begins with the design of a conceptual geometric model on a 
CAD workstation. The design is imported into QuickSlice (by Stratasys), which 
mathematically slices the conceptual model into horizontal layers. Support Works 
automatically generates supports i f needed. Toolpaths are then created; path data is 
then downloaded to the FDM system, produced by Stratasys. The system operates 
in the X, Y and Z axes. In effect, it draws the model one layer at a time. 
Thermoplastic modeling material, 0.070 inches (.178cm) in diameter, feeds into the 
temperature-controlled FDM extrusion head, where it is heated to a semi-liquid 
state. The head extrudes and deposits the material in ultra-thin layers onto a 
fixtureless base. The head directs the material into place with precision. The 
material solidifies, laminating to the preceding layer. 
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There are several kinds of plastic resins: Polystyrene & Styrene co-
polymer, Polyethylene & Ethylene co-polymer and ABS (Acylonitrile-Butadiene-
Styrene). In our robot, the P400-ABS with 0.012inchs inner diameter is used. The 
material specifications are shown in Table 3.1. 
Material Specifications 
Tensile strength (psi): 5,000 
Fluxural strength (psi): 9,500 
Tensile Modulus (psi): 360,000 
Fluxural Modulus (psi): 380,000 
Notched Impact (ft*lb/in): 2,00 
Unotched Impact (ft*lb/in): 
Elongation (%): 50.00 
Hardness (Shore D) R105 
Softening Point (R&B) (F) 220 
~ e c i f i c Gravity (GMS/CM)3 1.05 
Table 3.1. FDMP400 ABS Material Data Specification [Information 
supplied by Stratasys Inc. Manufacturer P400 (as of Winter 1999)]. 
3.6 Locomotion methods 
Figure 3.9 illustrates a cycle of locomotion for straight movement. The 
sequence begins with the grippers expand to grip the wall, as labelled by mode 1 
in the diagram. At the same time, the extender is in its retracted state. In mode 2, 
the forward gripper is retracted. Then the extender devices are extended in mode 
3. Actuating a pair of springs wi l l typically expand the extender. After the 
extension is complete, the forward gripper device is expanded to grip the wall in 
mode 4. After the forward gripper has extended, the rear gripper is retracted in 
mode 5. Next, the extender is contracted in mode 6. Here, actuating another pair 
of springs wi l l typically shrink the extender. Finally, the rearward gripper is 
expanded to grip the wall in mode 7. At this point, the device is in the same state 
as in mode 1. However, the robot has now moved forward by a single step length. 
Assuming that there has been no slip, the step length is the difference between 
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mode 5 and mode 6. By repeating the sequences from mode 1 to mode 7，the 
robot can be propelled in an inchworm motion. 
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Figure 3.9 Locomotion concept of the robot [10], 
3.7 Bending control 
The extender of our robot not only for providing the motion mechanism, but 
also provides the bending direction control. There are four springs in our extender; 
each one can be controlled individually. By controlling the springs one by one, 
four different angles are available. They are shown in Figure 3.10. Moreover, a 
combination of controlling the springs wil l result in a fine adjustment in the angle. 
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Figure 3.10 The platforms indicate the top view for four different 
angles achieved by controlling individual spring. 
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4 HEAT TRANSFER ENHANCEMENT BY INCREASING 
CONVECTIVE SURFACE AREA 
4.1 Heat transfer 
The study of heat transfer can be defined as the science that describes the 
transfer of a specific form of energy due to the presence of a temperature 
difference [21]. Heat transfer identifies the factors that influence the rate of energy 
transfer between solids and fluids or combinations thereof. This information is 
then used for the prediction of the temperature distribution and the rate of heat 
transfer in thermodynamic systems and devices. There are three general categories 
used to classify the manner in which heat is transferred. These are referred to as 
conduction, convection and radiation. 
Conduction is the transfer of energy through a substance, a solid or a fluid, 
as a result of the presence of a temperature gradient within the substance. This 
process is also referred to as the diffusion of energy or heat. 
Convection is the transfer of energy between a fluid and a solid surface. 
This energy transfer is due to the movement of the fluid from one thermal 
environment, temperature field to another. The temperature difference that causes 
the energy to flow is which exists between the surface and the fluid. 
Radiation is the transfer of energy by electromagnetic waves. A l l matter at 
temperature greater than absolute zero wi l l radiate energy. Energy can be transfer 
by thermal radiation between a gas and solid surface or between two or more 
surfaces. 
In the following sections, we wil l derive two mathematical models based on 
the energy conservation law. 
‘ 31 
4,2 Simplified Heat Transfer Analysis 
Since the Nitinol has resistive property, which enables it to be heated and 
actuated by an electrical current, it is important to know the current-temperature 
relationship in the wire. To study the equations about temperature change of SMA 
wire due to the resistive power dissipation, we approximate the heat capacity as a 
constant lumped parameter. This means that temperature gradients within the solid 
are negligible although the temperature of solid is spatial non-uniform during the 
transient process. Under this assumption, the temperature-current relationship can 
directly apply the conventional heat transfer model (see Table 4.1 for the definition 
of the relevant variables). 
Parameters Symbol Unit 
Density of wire material p [kg/m^] 
Specific heat of wire Cp |J/kg°C] 
Volume of wire V [m^] 
Wire temperature T(t) [°C] 
Resistivity [Qm] 
Electrical current I [A] 
Electrical resistance R [H] 
Convective coefficient h [Wm2/°C] 
Surface area of wire As [m^] 
Cross-section are Ax [m^] 
Ambient temperature T � [°C] 
Length I [m] 
Accessible radius of wire r [m] 
Time to certain degree tl [s] 
Table 4.1. Parameters of materials in heat transfer equation. 
Before we do the analysis, we first make some more assumptions. 
Although the electrical resistance of wire is known to change as a function of 
temperature, according to some prior work done by other researchers the resistance 
change is less than 10%, and therefore, it wi l l be assumed constant [22], [23]. 
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Also, since the volume and surface area of the wire wi l l realistically change during 
operation of the SMA actuator, these effects are unobservable, and therefore 
assumed negligible. With these assumptions, the rate at which the temperature 
changes is simplified as a function of the heat produced in the wire by the electrical 
current, rate of energy stored in the wire, and the heat loss from the wire to the 
surrounding air. 
The energy conservation law can estimate the temperature rises in the wire. 
The rate of energy generated dE^^ / dt should be equals to the rate of energy leaving 
dEout I dt plus the energy stored in the wire dE歉^d I dt. 
Since the SMA wire is heated up by the passing through current, the rate of 
energy generated is: 
^ = Eq.l 
dt 
The resistance of the wire can be taken as the length of the wire times the 
resistivity and divided by the cross-section of the accessible diameter: 
. I I R = P - r = P — T Eq. 2 
Substitute Eq.2 into Eq. 1, 
dE.„ /2/ 
- i r = P-l： Eq.3 
dt m-
The energy is left by natural convection and radiation into the atmosphere, but no 
conduction is deliberated. This is because we are now only studying an individual 
SMA wire without considering the connectors. Derived from the prior statement, 
the rate of energy leaving is: 
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^ = H ( m 抓 ( r « 4 - T：) Eq. 4 at 
Where is a radiative property of the surface termed the emissivity and it is <1. 
(J is the StefanBoltzman constant ( a = 5.67x10"^ W/m^ . k^). The value of the last 
term, which is due to the radiation, is too small, and is consider as negligible. 
After simplification, Eq.4 becomes: 
7 |-» 
= Eq.5 at 
The value of h is varying with environmental change. For example, i f humidity 
exists, the convection heat transfer coefficient would increase. However, we wi l l 
not consider this effect in this dissertation. 
The energy stored in the SMA is: 
dEstored " 广 j/ ^T 
= Eq.6 
The change of energy stored is: 
dEstored — dEout p „ 
； =—； ：~ Eq. 7 
dt dt dt 
Thus, the heat transfer equation may be expressed as: 
^ I ' R - h A X m - T ^ ) 
dt P'CpV p ' c y i q’ 
The relationship between temperature and current is shown as a function of 
time, and emphasize that the other parameters are considered as constants. 
Because of the small value of the convection heat transfer coefficient, and 
the small surface area, many application for a SMA wire is usually constrained by 
its slow frequency response. In order to improve the cooling time, which means an 
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increase in the heat loss rate, we can only increase the surface area. It is 
impossible to change the convection heat transfer coefficient without changing the 
material properties of the SMA. 
We propose using our laser micro machining tool to add some grooves on 
the SMA wire. This process decreases the cross-section area and increases the 
surface area of the SMA wire, which causes an increase in the wire resistance and 
in the heat transfer rate. The increased resistance improves the rate of temperature 
change during the rise time, while the increased heat transfer rate due to the 
increased surface area reduces the cooling time. As a result, total frequency 
response performance of the SMA is improved. 
A series of theoretical simulations for a SMA wire with ring shaped 
grooves, as shown in Figure 4.1 has been done. 
r — ^ 
— — 1 I ' 
1 
Figure 4.1. The Simulation model and physical governing parameters for a cut wire. 
According to the simulation model, the width of a groove cannot be too 
large; otherwise, it wi l l decrease the total surface area. In other words, a smaller 
groove wi l l lead to a larger positive surface area change. In this model, the 
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resistance and the surface area are two dependent parameters that are being 
changed. The updated heat transfer equation is shown below: 
dT A^ 
——=— Eq. 9 dt p'C/' 
where the A / , A / and V' denotes a difference of parameters. Referring to our 
simulation model, the surface area, accessible cross-section area and the volume 
should be different from the original wire. The updated parameters are: 
• Cross-section area: A^ - 7i(rf 
• Surface area: A^ '=27wVn+27w(l-Vn)+ 2兀1/- (rf]n 
• Volume: V'=7dr'-7r[r' -(rf]l fi 
where n is the number of grooves. In the above equation, the resistance and 
geometric dimensions are taken as independent variables. 
4.2.1 Analysis of Theoretical Results 
Based on this equation, a theoretical optimisation for a given set of 
governing parameters and the resulting response improvement were performed. 
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Figure 4.2 The require time for rising wire temperature to 34。C (reference transition 
temperature) can be reduced by either increase the current or decrease the wire diameter. 
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The relationship between heating time required to reach a set 
transformation temperature with a given electrical current and a given laser-
micromachined wire radius is shown in Figure 4.2. As a first estimate, we assume 
100 grooves in our simulation model. 
The time reduction in percentage during both the cooling and heating cycles 
were calculated as a function of the groove inner radius. As indicated by Figure 
4.3, at smaller radii, less time is required for heating and cooling. The groove size 
wi l l affect the heating response time much more than the cooling response time, 
and the improvement in time response is asymptotic increase as groove radius 
decreased. This shows that an optimal solution exists for a cut radius which wi l l 
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Figure 4.3 Theoretical comparison of heating and cooling times to a 
reference temperature as a function of cutting geometry on the SMA wires 
(applied current = 1.5A. Tref=20PC, number of cuts-100’ length of 
wire 二 50mm). 
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43 Verifying the reliability 
With the intention of verifying the validity of Eq.8, we compare the 
simulation result given from the equation with the experimental result. 
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Figure 4.4 shows the simulation and experiment temperature 
response w. times under apply 1.5A 5cm length and 0.8 diameters. 
Figure 4.4 exhibits the temperature change respect to the time variation. 
Clearly, there are big differences in the maximum saturated temperature and the 
gradient of temperature change. In fact, this crude equation cannot fit with our 
experimental data. The discrepancy occurs from the fact that heat conduction by 
the connectors was not modeled in E q . 9 . However, we should note that these 
formulas could still provide approximate estimation, being based on a crude heat 
transfer model. They provide however very valuable information about the trend 
when the geometry of the wires is changed (V and A), and all other variable being 
held constant. 
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4,4 Mathematical Model to Match Experimental Conditions 
After fail to use the crude heat transfer equation to fit experimental result, 
we proceed to make corrections to Eq.9. We have tried several methods to model 
the heat transfer equation with experimental parameters. Two methods wi l l be 
discussed below. 
4.4.1 Mathematical modification by considering the connector 
The heat transfer equation above only modeling the SMA wire without any 
effect from connectors. In reality, the connector would be a significant factor for 
our heat transfer equation due to heat conduction. 
As the connector would conduct away some heat and store energy, we 
should add two more parameters in the above equation. The resistance of the 
connector would be small and can be ignored. The enhanced mathematical model 
would be: 
dT 
- — = — — ; r Eq. 10 dt p'C^m-^l + K^ 
Ki indicates the conduction energy of connector and K〗is the stored energy. 
Visibly, K! is depended on conductivity of the substance and K2 is depended on 
specific heat and volume of connector. 
Using this equation, the experimental data can be matched with very 
significant improvement individually. However, we cannot find a unique K, and 
K2 for the specific connector. When we do the curve matching, we need to 
determinate two parameters K! and K〗empirically. From this point of view, we 
cannot conclude a unique result for two parameters based on one equation. There 
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are several combinations for the answers. Those combinations can be used to 
match a certain curve, but not guaranteed to match other data that are obtained by 
the same set of connectors. Hence, we formulated another method to obtain a more 
general model. 
4.4.2 Matching by introducing the correction factor 
In this method, we try to add a function y(n) in the crude heat transfer 
equation. The original heat transfer equation is as follow: 
dt pCpV \ � , 
Simplifying Eq . l l with two substitutions, where A =fpJ/pCpVA^，B=hA/pCpV. 
Solving this first order differentiate equation: 
dT _ 
\n[A + B T ^ - B T { t ) y ^ =八 
B to 
A + BT^-BTQ]— 
A + BT①-BT{t\f[ =[A + BT①-BTq 价 1 
BT{tl) =A + BT^-[a + BT①—BTq ]e-如 
£> \_£> _ 
H A L H 4 」 
In this equation, we have some radius dependent parameters. A^ is the cross-
section area V is the volume and Ag is the surface area. 
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After introducing a y(np) function, the new modified heat transfer equation 
become: 
r ⑷ = 机 广 + 7； - [ 机 厂 + 7； - 7； Eq. 13 
where y(np)=yO*( 1+0.0333*np). In this function yO is the correction factor which 
is caused by the connectors and indeterminate constrains such as, the specific heat, 
resistivity, etc. iip is the number of processing time. For example, i f we add 15 
cuts at each time, np=l,2,3, with respect to number of cuts=l5,30,45, 
Finally, the 3% error is for the experimental variance. 
We wi l l show in a later section that this general model gives a good 
prediction for experimental results. 
4,5 Experimental model and modification of parameters 
In our experiment, the laser-machined pattern is different from our 
simulation model. The laser pattern currently can only be used to produce flat 
grooves instead of a ring shape because we currently lack of a translation and 
rotation system to manipulate the SMA wire on our laser system. Therefore, the 
experimental model should be updated as Figure 4.5. 
Figure 4.5 The experimental model and governing parameters for a cut wire. 
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As the model is modified, some of the parameters should be changed as 
well. Obviously, the surface area, volume and the cross-section area would be 
different from the one that we have mentioned before. The adapted equations for 
these three parameters would be shown as below: 
Cross-section area: 








As=27irl+2mcos-‘ (r 1 /r)(r-1 \)+2nsqn{r'-r l ' ) ( l l - r l ) 
where rl^dl-r. 
Based on these adjustments, we repeat the simulation under different 
current and different depth. The relationship between heating time required to 
reach a set transformation temperature with a given electrical current and a given 
laser-micromachined wire radius is shown in Figure 4.6. The figure illustrates that 
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both deeper groove and larger current can have a faster heating time. The new 
model still keeps the same result as the former model. 
J X • 10-20 
_ 丨 j f ^ 
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Figure 4.6 The require time for rising wire temperature to 34。C (reference 
transition temperature) can be reduced by either increase the current or 
decrease the wire diameter based on our experiment model. 
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5 LASER-MICROMACHINING 
5,1 Laser micro-fabrication of micro grooves on SMA wires 
Laser microtechnology is a combination of laser-assisted technology 
processes for precise treatment, modification and synthesis of materials in the 
domain of micrometer size. This specific area of laser technology has found its 
most effective application in precision microprocessing of small elements and 
components of microelectronics, optics, optoelectronics and micromechanics. In 
many cases, its advantage results from relatively low cost of the technological 
equipment, and from the high efficiency and unique capabilities of the laser-
Figure 5.1 The Electrox Scriba II D40 NdiYAG Lasermarker 
system. 
assisted technological methods. 
The Nd:YAG laser was explored as a micromachining tool to micro-
fabricate the grooves on the SMA wire because it produces a high-powered beam 
of light at the wavelength of l,064nm, which is not visible. When the light focused 
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through a lens system, it has enough power to vaporize materials and producing a 
visible mark on the material. The result wi l l be discussed later. 
5.2 Background on Laser-micromachining 
Laser-micromachining in general is a thermal process as described below: 
- A concentrated laser beam incidents on the material surface and part of its 
energy is absorbed by the material. 
- A f t e r the laser energy is absorbed by the material, it converts to heat energy 
within a limited region, which depends on the material property. 
- W h e n the energy intensity of the laser is high enough to heat the material to 
the temperature of melting point and boiling point, the material wi l l melt, 
boil and then vaporize. 
- T h e melted material in liquid phase is pushed out by reactive pressure of 
the vapor, which result in disintegration of the material, giving rise to 
craters or through holes in thin plates for each laser pulse. 
Thus, the effectiveness (power requirement) of laser-micromachining depends 
upon the thermal and optical properties rather than the mechanical properties of the 
material. Other laser parameters include material absorptivity (which determines 
the suitability for using a laser at a particular wavelength), spatial mode (governs 
focusing beam spot size), and focal spot size, which affect the intensity (power per 
unit area) of the laser beam at the material surface and resolution of laser-
machining. 
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5.3 Basic Mechanisms in Lasers 
Since the central component of any laser machining system is the laser 
itself, it is necessary to understand the mechanisms which cause laser light when 
discussing laser machining [24]. Lasers convert electrical energy into a high 
energy density beam of light through stimulation and amplification. Stimulation 
(Figure 5.2) occurs when electrons in the lasing medium are excited by an external 
source such as an electrical arc or flash lamp, resulting in the emission of photons. 
The laser medium typically contains ions, atoms, or molecules whose electrons are 
conducive to change in energy level. The excitation process is achieved by the 
lasing medium's absorption of energy from mechanical, chemical, electrical, or 
light sources, and raise an electron from one energy state to another. According to 
quantum mechanics, atoms or molecules in the lasing medium have discrete 
electron energy levels. Laser light is created by the transition from a higher to a 
lower energy level, and the wavelength produced is a characteristic of the lasing 
medium. At the beginning of the lasing process, photon emissions are random in 
nature. As each photon stimulates other excited electrons to emit photons, 
however, the new photons wil l have similar wavelength, direction and phase 
characteristic as the initial photon. Eventually, a stream of photos with identical 
wavelength, direction, and phase wil l be produced. 
The host material in Nd: YAG laser is a complex crystal of Yttrium-
Aluminum-Gamet (YAG) with the chemical composition 丫了八“㊀丨。.The YAG 
crystal is transparent and colorless. When doped with approximately 1% Nd, the 
crystal takes on a light blue colour. 
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Figure 5.2 The mechanism of photon emission. 
The amplification of light in a laser is accomplished by an optical resonator, 
which wi l l be described at next section. 
5.4 System Description 
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Figure 5.3 The interior structure of laser system. 
The laser beam is produced in the laser enclosure [25]. The part of the 
optical system that produces the laser beam is called the resonator. The laser 
resonator consists of a fully reflective rear mirror; a pumping chamber containing a 
Nd:YAG laser rod and a number of high power diode lasers; and a partially 
reflective output mirror through which the laser beam emerges. The interior 
structure of the laser system is shown in Figure 5.3. 
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The mechanism for the laser beam production is that the diode lasers 
illuminate the Nd:YAG rod which makes the rod into a light amplifier. When light 
of a specific colour passes through the rod it increases in power. The rear and 
output mirrors are aligned to be very parallel to each other and so light bounces 
backwards and forwards between them. I f this light passes through the rod it wi l l 
be amplified so a large amount of highly parallel light is produced bouncing 
between the mirrors. The output mirror is only partially reflective however so 
some of the light is transmitted out of the laser resonator. The light emerging form 
the output mirror is the laser beam. 
5.5 Laser characteristic and groove fabrication 
5.5.1 Focal Spot Size 
The focal spot is a prime importance in materials processing. It refers to 
the location of the focal point of a lens where the beam is at its smallest diameter. 
At that point, the irradiances (power per unit area) great enough to melt or vaporize 
any material can be generated. 
Several factors influence focal spot size such as the divergence of the beam, 
diffraction or the focal length, and the diameter of incoming laser beam. The focal 
spot size D can be calculated as below: 
D = a Eq. 14 
兀Db 4 
where, Z)^  is the diameter of incoming laser beam before focusing, X is the 
wavelength of laser, and/is the focal length of lens. 
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5.5.2 Beam-focusing conditions 
Besides the focal spot size, the beam focusing condition is another 
important factor in our groove fabrication [26]. The beam-focusing conditions 
influence, to a large degree, the crater profile and thus affecting the geometry of 
our groove. Figure 5.4 presents typical crater profiles formed in an opaque 
medium at constant radiant energy but for different focus locations with respect to 
the front surface of the sample. 
\ / 1； 
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Figure 5.4 Crater-profile dependence on the light focusing [26]. 
The profiles variation can easily be explained qualitatively by considering 
the ray path in the proximity of the focus. When a diverging beam yields a 
cylindrically-shaped crater, it produces a conical crater profile. In the converging-
beam case, the walls of the hole formed virtually do not absorb the light flux 
propagating parallel to them; vaporization is the main mechanism responsible for 
materials destruction. However, irradiation by a diverging beam of sufficient 
density causes extensive melting of the walls and, although the total amount of 
materials removed increased somewhat at the expense of the liquid phase, the hole 
depth decreases as a result of the beam defocusing. 
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To facilitate the size of groove� i t is necessary to know the variation in 
crater depth with slightly change in focal length. We have done an experiment to 
study the condition in various focal lengths using a copper sheet. Although 
different materials would have different absorptivity and melting point, this 
experiment can show the influence of focal length. The copper sheet is processed 
by using the setting in Table 5.1 with 1.5 mm aperture and 1 repeat time. A series 
of cylindrically-shaped craters are produced by the laser beam. By measuring the 
width and the depth of the craters, we obtained the data showed in Table 5.2 and 
plotted in Figure 5.5. 
Nd:YAG Laser 40W 
Laser Power % =〜5W 
Aperture: 1.8mm or 1.5mm 
Diode Current % = 60 
Pulse Frequency ^ 6 Hz 
Rate (cutting speed) = 200mm/s 
Wavelength = 1.06}im (Metals) 
Table 5.1 Parameters used by the Nd: YAG laser system to process grooves on SMA. 
Title: Condition of various focal lengths 
Material: Cupper sheet 
Sample Focal length (mm) Width (um) Depth (um) 
C 105.56 40 ^ 
B ~1Q5.67 37 3.8 
A 105.78 32 5.8 ~ ~ 
D 105.89 29 11.8 ~ ~ 
E 106 33 5.8 一 
F |lQ6.11 135 p.S — 
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Figure 5.5 Plotting of the experimental result of different focal length. 
This figure manifests that both the width and the depth of crater is sensitive 
to the focal length. The variation of the width is about 33%, and for the depth is 
about 400%. This indicates the depth highly depends on the focal length. 
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Figure 5.6 The wire is cutting by the laser beam. 
We have used the Electrox Diode Pump Nd: YAG Laser system 
successfully to micromachine the SMA wire. Figure 5.6 shows the laser cutting 
process of a SMA wire. The input power versus laser output power and aperture 
size were calibrated as shown in Figure 5.7. We have found by using an aperture 
size of 1.8mm and 5W of laser power (60% input power), SMA wires with grooves 
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could be fabricated by this system (magnified picture shown in Figure 5.8, Figure 
5.9). 
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Figure 5.7 Relationship between input power, output laser power, and aperture size 
for the Electrox Nd: YAG laser. 
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Figure 5.9 Picture showing 1.8mm aperture cut SMA. 
Actually, the beam profile can be characterized by its Transverse 
Electromagnetic Mode (TEM). Figure 5.10 shows different type of TEM patterns. 
TEMOO has a Gaussian spatial distribution and is usually considered the best mode 
for laser machining because the phase front is uniform and there is a smooth drop 
off of irradiance from the beam center. This minimizes diffraction effects during 
focusing and allows the generation of small spot size [24]. 
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Figure 5.10 Examples of cylindrical transverse electrical mode patterns [27]. 
In order to get TEMOO mode Nd: YAG laser beam, an aperture with diameter of 
1.5mm was used to cut the SMA with more narrow grooves. The maximum 
expander for beam is 8x and the diameter of incoming laser beam before focusing 
is 12mm. The maximum diameter of incoming beam before focusing for our laser 
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system is 15mm. The focal length of lens is about 100mm. The theoretical focal 
spot size obtained using Eq. 14 is therefore: 
^ % M 8x1064x10"^ X100 。。。、 D =——• = = TIM urn) 
7U Db 3.14x1.5x8 
This is about 5 times smaller than our experimental results at this time. The 
result of using 1.5mm aperture is shown in Figure 5.11. 
jv a ‘ i • : \ 
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Figure 5.11 Picture shows the 1.5mm aperture cuts of SMA. 
5.6 Grooves measurement 
5.6.1 WYKO measurement 
The W Y K O surface profile systems are non-contact optical profilers used 
to measure a wide range of surface heights [28]. Figure 5.12 shows W Y K O 
measuring system. This system provides with two modes: PSI and VSI. Phase-
shifting interferometry (PSI) mode allows you to measure smooth surfaces, while 
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vertical-scanning interferometry (VSI) mode allows you to measure rough surface 
and steps. 
I 詹 ； V ， 卞 、 ^ ^ … 1 
Figure 5.12 The WYKO non-contact optical profiler. 
The measurement technique in WYKO is interferometry. A white-light 
beam is filtered or without filtered, passed through an interferometer objective to 
the test surface. The interferometer beamsplitter reflects half of the incident beam 
to the reference surface within the interferometer. The beams reflected from the 
Detector Array '^ -t-^  
Aperture Stop 1 
\ Filter M 
\ / 一 Beamsplitter 
^ ^ / S C t H j & ^ J ^ 、 ： ^ Translator 
Light Source a _ J ^ ^ Microscope 
暴 \ 
1-1 1/ U Mirau S a m p l e � ^ ^ ^ V 
Figure 5.13 An Interference Microscope [28] 
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test surface and the reference surface recombine to form interference fringe. These 
fringes are the alternating light and dark bands when the surface is in focus. 
By using this system in the VSI mode, we can measure the width for SMA 
wires cut by different apertures. Figure 5.14 and Figure 5.15 show the measured 
result of SMA wire cut by 1.8mm aperture and 1.5mm aperture, respectively. 
From these X profiles, approximately 229^m width is observed for 1.8mm aperture 
processed SMA and 140陣 width for 1.5mm aperture. Thus, we have 
demonstrated that with a smaller aperture, a smaller width of groove can be 
produced. 
X Profile 
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Figure 5.14 Interferometer images (obtained by WYKO NT-
2000) of 1.8mm aperture cut SMA. 
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Figure 5.15 Interferometer images (obtained by WYKO NT-2000) of 
1.5mm aperture cut SMA. 
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5.6.2 SEM estimation 
As the valley of grooves are rough surfaces, they cannot reflect the beams 
emitted from WYKO. Therefore, we cannot use the information given from Y 
profile to measure the depth of grooves. However, we can estimate the depth by 
measuring the groove edge on the SEM pictures. Based on Figure 5.9, Figure 5.11, 
we can estimate the depth of the groove that we have fabricated is around 60|am 
deep. 
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6 EXPERIMENTAL RESULTS 
6,1 Experimental Setup for Temperature Measurement 
The performance of the wire is directly related to the temperature of the 
wire. Therefore, it is worthwhile for us to look into the relation between the 
temperature change and time. 
In our experiment, we used a multi-meter with a thermal couple to measure 
the temperature. However, the measurement point of the thermocouple cannot 
directly contact the SMA wire, because thermocouples are based on the 
Measurement point Thermocouple 
，：，：、，1 ^ 
��� ( \ I U SMA wire 
Plastic gripper 
Figure 6.1 The schematric drawing of temperature measurement experiment 
setup. 
thermoelectric feedback, which allows a temperature difference in a semiconductor 
to create an electrical voltage. The direct contact of SMA wi l l lead to a current 
flow into the thermocouple and affect the reading. Therefore, a kind of material 
that has heat conduction but has electrical isolation is needed. Here we chose the 
mica, which can satisfy the requirements that we have just mentioned, to be the 
media. Also, we used a plastic gripper to fix the whole setup. Figure 6.1 
demonstrates the setup of this experiment. 
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6,2 Experimental and Theoretical Comparison 
6.2.1 Improved Performance of lasered SMA wires 
The reacting speed of SMA actuators is directly related to its temperature 
change. The improvement in temperature response may result in the improvement 
of the performance. 
Comparison of the time response for an uncut and a cut SMA wire is shown 
Figure 6.2, Figure 6.3. Apparently, the laser-micromachined wires have a higher 
saturation temperature and a larger initial heating and cooling curve slope. For 
analysis, we assume the transition temperature as at 31.5oC. We tested three 
different wires: an original un-nicked wire, a wire with 45 nicks and a wire with 75 
nicks. The percentage decrease in heating time to reach the transition temperature, 
relative to the original wire at 1.25A is 26% and 38% for the 45 nick and 75 nick 
wires, respectively. At 1.50A, the improvement is only 15% and 23%, for the 
same respective wires. 
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Figure 6.2 Temperature response on different wires with 1.5A. 
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Figure 6.3 Temperature response on different wires with 1.25A. 
Cooling improvement is referenced from the transition temperature and the 
temperature measured 40 seconds after the applied current is turned off. The wires 
with 45 nicks and 75 nicks, at an applied current of 1.25A have a cooling 
improvement in terms of a final temperature that is 0.6% and 20%, respectively, 
lower than the measured final temperature of the original wire. For the 1.5A case, 
the final temperatures for the same respective wires are 10% and 21.4% lower than 
the original wire after 40 seconds. 
6.2.2 Comparison of Experimental and Theoretical Results 
The comparison of the experimental data and the simulation result using 
our defined mathematical model are shown in Figure 6.4, 6.5，6.6. Figure 6.7, 6.8 
show the comparison on the % of improvement. 
Actually, the approximate 3% (0.0333) error in our simulation model is 
probably from the radius error caused by every cutting process or the experimental. 
When we adjust the focal length during the laser machining, it would be different 
for time to time. As a result, the depth of cuts would have slightly different. 
Besides, the distance from the wire to the laser head would also cause the different 
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in the cutting depth. The one closer to the head would be deeper than those more 
far away from the head. When we did the cutting process, we put all the wires one 
next to another. Therefore, they definitely have the a little bit different with the 
depth. This can explain why we have the y function. 
The yO is a correction factor. With y0=0.195 the simulation curve can fit to 
both the experimental data and % of improvement while yO=l, the simulation 
result can only fit the % of improvement with an acceptable variation. The 
correction factor comes from the uncertainties of some parameters. In the 
simulation, the value of resistivity, specific heat, density and convection heat 
transfer coefficient are refer from the paper. According to some papers, the 
manufacturing value of resistivity, convection heat transfer coefficient and specific 
heat with the range of 76x10—8〜102x10-8r>m, 7-80 Wm-2°C-^ and 320-838 Jkg" 
loC'i respectively, are being reported. Compare two extreme cases with the 
specific heat and the resistivity from the papers. The yO is multiplied with A, in 
which resistivity over specific heat is part of its factor. 76xl0-8f>m / 838 Jkg-l°C' 
1=9.69x10-10 while 102xl0-'n*m / 320Jkg-'°C-l=3.19xl0-' more than three times 
larger than the first one. That prove the variation can be very large. Our exactly 
value is probably out of the range we have mentioned before. It is depends on our 
material combination. In addition to the resistivity and specific heat, we also have 
variant on convection heat coefficient, surface area, cross-section are and even the 
density. Thus, it is reasonable to have a correction factor of 0.195. Indeed, it can 
be even smaller. 
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Figure 6.4 Figure shows the consistency of the temperature response for the 
new equation with yo=0.195 and the experiment data for wire with 75 cuts. 
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Figure 6.5 Figure shows the consistency of the temperature response for the new 
equation with yg^ 0.195 and the experiment data for wore with 45 cuts. 
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Figure 6.6 This figure shows the expected require time for different wire to rise 
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Figure 6.7 Shows the consistency of the temperature response for the new 
equation with yo=0.195 and the experiment data for original wire. 
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Figure 6.8 This figure shows the percentage of improvement based on the 
data above. 
6.3 Effect of Micro-grooves on SMA Force Output 
After the laser processing, the geometry of the wires have been changed. 
Not only the thermal response, but also the force response wil l be affected. Since 
the SMA is an actuator, a force study is also necessary. 
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6.3.1 Force Measurement Setup 
P o w e r supply j 
Electronicscale"^^^^^ SMA wire 
\ Weight 
Figure 6.9 A drawing of force measurement setup. 
I 
To measure the force difference, we use an electronic scale and a set of 
weights. The SMA wire is fixed at one end using a clamping stand. With the 
purpose to minimize the error, the height of the wire should be fixed. A set of 
weights is being put at the other end. Both end of the wire are connected to a 
power supply in order to give current. Figure 6.9 shows the measurement setup. 
We first measure the weight with the SMA bended. Then, apply current to heat up 
the wire. When the wire is heated, it tries to recover its original shape (go back to 
a straight line). The recovery force then works against the gravity force of the 
weight. As a result, the reading of the scale wi l l be diminished. The difference 
between the initial reading and the final reading indicating the recovery force. 
Along the same reasoning, the recovery force of the SMA wire should be smaller 
after adding some nicks into it. 
Figure 6.10 shows the experimental result of a weight lifting experiment. 
For each data, we have carry out 5 set of experiment and calculate the mean to 
increase the reliability of our data. According to the figure, either the original wire 
or the wire with cuts, the recovery force is increasing while the current are 
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increasing. As the saturated temperature is rising under a larger current, this 
indicates that the recovery force is related to the saturated temperature. 
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Figure 6.10 Force output versus applied current for various 
laser-micromachined SMA wires. 
Due to the higher saturation temperature effect at a given input current, the 
laser machined SMA wires exert more force. However, the maximum recovery 
force is diminished when the number of grooves is increased. The increase of 
force for wire with 15 cuts is slightly lower than the non-cut wire. However, the 
30-cut wire has a significant drop of the force change and the wire with 45 cuts has 
the lowest force variation. It is obviously that the wire with more cuts would 
diminish its strength, i.e. the wire would not be as strong as the wire without any 
cuts. It is because the wire strength is decreased is a beam has some crack on it. 
This indicates another design trade off where the maximum strength and the 
desired time response set the lower and upper boundaries of the total number of 
grooves that should be incorporated into a given actuator. 
Nevertheless, the wire cuts exert more force than the non-cut wire within 
the region of 0.5A to 1.25A. The force performance is improved in this region. 
This discovery provides us a force improvement using the laser-micromachining 
under a low current environment. 
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7 OPTIMUM PARAMETERS FOR HEAT TRANSFER 
7.1 Assumptions 
So as to gain the largest improvement, we would like to optimise the 
parameters. Institutively, our pattern is not the optimum design for the force 
exertion, but our current work is focused on optimising the heat transfer rate of the 
SMA actuators. 
Based on our experimental model, we know that there are some parameters 
in our equation that govern the level of improvement. In our model, the main 
parameters are the length of the groove, the depth and the number of grooves. 
These parameters wi l l directly affecting the cross-section area, surface area and 
volume, and therefore influencing the improvement in performance. 
In our optimization, we assume the connectors and the experimental setup 
are the same. 
7.2 Mathematical Formulation 
To optimize the improvement, we want to maximize the temperature 
change. By using the Eq.l3 
where p^l/pCpVA^ , B=hAJpCpV and substitute with A^, A^ and V for the 
experimental model. Based on the law of differential equation, setting dT/dz=0, 
we can find the maximum T i f z is a monotonic increasing function. Therefore, i f 
we want to optimize length (/；), depth (r；) and the number of grooves («)，then we 
should solve the g(7；, r；, n)=0 where g(li, r„ n) =dT(tJ/lj +dT(tj)/rj +dT(tj)/n. 
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We have tried to use MathCad to solve this equation, but the program fail to 
find the solution due to the extreme complex equation. As a result, we use 
parametric investigation to study the effects of /；, r；, n with respect to heat transfer. 
As we have proved that the change of surface area, cross-section area and 
volume wi l l influence the temperature response of SMA wire. Thus, it is necessary 
for us to investigate these factors. 
Based on both the simulation and experimental results, we known that 
adding some grooves on the SMA wire wi l l result in a faster reaction. Obviously, 
adding some grooves results in the change of surface area, cross-section area and 
volume. And the main parameters to describe the groove are the width of the 
groove, the depth and the number of grooves. In this section, we are going to 
analyze the effects of groove width, groove depth and the number of groove with 
respect to temperature response. 
7.2.1 Width of groove 
Figure 7.1 The definition of groove. 
The width of the groove is definite as the distance between one edge of the 
groove to the opposite edge of the same groove. This parameter impinges on both 
the surface area and the volume, but the cross-section area remains unchanged. 
The simulation result by using Matlab is plotted as below. 
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Figure 7.2 The simulation of cross-section, surface area and volume change with variation of 
groove width. 
From the plots, we can recognize that the cross-section does not change 
even as a function of width. However, the surface area is reduced while the width 
is enlarged. This is because the increase of width provides a larger flat surface at 
the bottom of the groove. Since a flat surface is smaller than the curved surface 
before removed, this wi l l result in a deduction of surface area. Moreover, the 
volume is also reduced while the width is enlarged. Due to the removing of 
materials when the width is widened, the volume should be reduced. 
According to heat transfer equation, the changes on the above parameters 
wi l l affect the energy change within the wire. The energy that we are concerned 
with is the energy generated by resistance and the energy released through heat 
convection. Here we simulate the energy generated and energy released base on 
the previous change in cross-section area, surf ace area and volume. 
“ 68 
0.335 n 0.01986 n 二 •D 0.3345 0.01984 
碧 0.334 ^ ^ ^ ^ 0.01982 ^ ^ 
» 0.3335 ^ ^ ^ I 0.0198 ^ ^ 0 > .... ^ ^ ^ I 0^.01978 ^ ^ ' ^ ^ ^ 2 1,0.01976 ^ ^ S 0.3325 I 0.01974 
® 0.332 -] 1 1 1 « 0.01972 +- , , ： ® 0 0.02 0.04 0.06 0.08 ® 0 0.02 0.04 0.06 0.08 
w i d t h of g roove (mm) w i d t h of g roove (mm) 
Figure 7.3 Energy change in heating and cooling process with variation in groove width. 
According to the figures above, we known that the energy generated is 
increased and the energy released is also increased when the groove is widened. 
The reason for the raise of generated energy is the diminishing of the volume. As 
the energy generated is vise proportional to the volume, the energy is increased 
with a diminished volume and an unchanged cross-section. The variation of the 
energy released is a result from the combination of the reduction in surface area 
and volume. 
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Figure 7.4 Change in time requirement for heating and cooling process with variation on groove 
width. 
Because of the larger heat generation, the time for a SMA wire with larger 
groove width require a shorter time to heat up to 30 degree. That means it has a 
better temperature response. For the case of cooling process, no more energy is 
generated. The cooling process is dominated by the energy released curve. 
Therefore, the temperature response is faster while the energy released is larger. 
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We can conclude that both the heating and cooling response are improved when the 
width of groove is enlarged. The simulation result is shown as above. 
7.2.2 Depth of groove 
Depth 
Figure 7.5 Definition of depth. 
The depth of the groove is definited as the largest height of the removed 
part. This parameter wi l l impinge on cross-section area, surface area and volume. 
The simulation result by using Matlab is plotted below. 
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Figure 7.6 The simulation of cross-section, surface area and volume change with variation of 
groove depth. 
From the plots, we can recognize that both the cross-section area and 
volume are decreased when the depth is increased. However, the surface area is 
increased while the depth is enlarged. This is because the rising of depth provides 
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larger extra section areas at two side of each groove, which are directly related to 
the increase of the surface area. The cross-section area is the difference between 
the cross-section area of the original wire and the extra section area provided by 
the deepen groove. Therefore, the cross-section should be diminished. Due to the 
removal of materials when the depth is increased, the volume should be reduced. 
After combing all the effects on the above parameters, the energy change 
with respect to the change in depth can now be studied. Here we simulate the 
energy generated by resistance and energy released through heat convection base 
on the previous change in cross-section area，surf ace area and volume. 
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Figure 7.7 Energy change in heating and cooling process with variation in groove depth. 
The figures above displays increases in the energy generated and the 
released energy when the depth of the groove is enlarged. By compare these two 
energy curves; we discover that the slope of energy-generated curve is become 
larger and larger while the slope energy released curve does not show a significant 
change. The reason for the raising of generated energy is caused by the decreasing 
in both cross-section area and volume, while the energy released is mainly affected 
by the increase in surface area and reduction in volume. 
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Figure 7.8 Change in time requirement for heating and cooling process with variation on 
groove depth. 
The larger increase in heat generation than the heat released for a SMA 
wire with deeper groove, leads to a better temperature response, which require 
shorter time to heat up until 30 degree. Since no more energy is generated in 
cooling process, the temperature response is governed by released energy. 
Therefore, the temperature response is faster while the energy released is increased. 
We can conclude that both the heating and cooling response are being improved 
when the width of groove is enlarged. Specially, the improvement in both heating 
and cooling process is significant. 
7.2.3 Number of groove 
Obviously, in this case, the cross-section area and surface area for each 
groove does not change, as they are controlled by the parameter of the width and 
depth. But the total surface area and total volume of the SMA is altered when the 
number of grooves increased. In our simulation, we assume the width as 229jim 
and the depth as 60|am. The simulation result by using Matlab is plotted as below. 
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Figure 7.9 The simulation of cross-section, surface area and volume change with variation of 
number of grooves. 
Figure 7.9 shows the change of volume vs. number of grooves. The cross-
section areas remain the same in this case. The volume change is proportional to 
the number of groove. Due to the removing of materials when the number of 
groove is increased, the volume should be reduce. The flat lines in the charts 
indicate exceeding of boundary of the wire length. That means no more grooves 
can be added. 
Same as before, we combing all the effects on the above parameters and 
looked into the energies change within the wire. Figure 7.10 show the simulation 
of energy generated and energy released by using the previous simulations. 
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Figure 7.10 Energy change in heating and cooling process with variation of number ofgrooves. 
According to the figures above, we known that the energy generated is 
increased and the energy released is also increased when the number of the groove 
is increased. By compare these two energy curves, we discover that the change of 
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generated energy is larger than the change of released energy. The decrease in the 
volume is the reason for the raise of generated energy. As the energy released is 
mainly affected by the increase of surface area and reduction of volume. 
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Figure 7.11 Change in time requirement for heating and cooling process with variation on number 
of grooves. 
Referring to figures above, we know that the increase in energy generated is 
larger than the energy released. The resultant change in energy for heating process 
is increasing. Because of the raise in heat generation, the time for a SMA wire 
with more groove require a shorter time to heat up until 30 degree. That means it 
has a better temperature response. The temperature response in the cooling 
process is only related to energy released, the cooling response is faster when 
energy released is larger. We can conclude that both the heating and cooling 
response are being improved when the number of groove is increased. In spite of 
this, the improvement of cooling process is more significant. 
In the above investigation, we observed that there exists no optimism 
solution in our model. However, by comparing the above simulations, we 
discovered that the depth of groove has the largest effect on the temperature 
change. 
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7,3 Experimental Validation 
The simulation result denoted that the depth of groove has the leading 
effect on the heat transfer enhancement, and it is necessary to validate the result 
using an experimental analysis. 
7.3.1 Repetition time and the depth of groove 
So as to investigate the validity of our simulation result using the 
experimental method, we need to fabricate a set of wires with different depth by 
adjusting the repetition time. 
The repetition time means how many times the laser beam has passed 
through the same point. Every time the laser beam passes through one point, it wi l l 
remove some of the materials. As the repetition time increases, the more materials 
are removed. Therefore, the depths of the grooves depend on the laser repetition 
time. 
We have demonstrated the level of in-focus can affect the groove depth in 
previous section. In order to prove that there is a relationship between the depth 
and the repetition time, we have fabricated three wires with the 100, 200 and 300 
repetition time. 
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Figure 7.12 The SEMphoto for wire with 100 repetition time. 
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Figure 7.13 The SEM picture for wire with 200 repetition time. 
Figure 7.14 The SEM picture for wire with 300 repetition time. 
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Figure 7.15 The depth estimated from the SEM pictures with 
different repetition time. 
From the above chart, we know that the depth indeed varies with repetition 
time. The groove wi l l be deeper when the repetition time increases. However, we 
cannot conclude that they have linear relationship because the linearity is depends 
on level of in-focus. In the following experiment, we have chosen a larger 
different repetition time so that we can ensure that a larger difference in depth‘ 
This would provide us a more significant experimental result. 
7.3.2 Validating the depth effect 
Three laser-processed wires under different repetition time are compared 
and a non-processed wire is used for reference. 
Figure 7.16 shows a full set of temperature change data for different pulse 
repetition (different depth) and under different current. These figures demonstrate 
high consistency of results. The average values for each experimental set are show 
in Figure 7.17. 
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Figure 7.16 The temperature change of SMA wire with different groove depth (different pulse 
repetition) under USA and 1.5A current. 
40 1 — 1 . 5 m & ^ ( 2 Q 0 ) 1 . 2 5 m e a i ( 2 0 0 ) 
J 38 ~ r ; S 34 1.25r™拍(500) 
1 二 ： 
I 才 . i ^ J . • , ^ 
〜 见 (yo 如。HI � 撒 細 
Figure 7.17 The average temperature change of SMA wires with different groove depth (different 
repeat time) under 1.25A and 1.5A current. 
We set a reference temperature at 30°C and plot out the heating time on 
Figure 7.18. We can evidently observe an almost linear relation between the data 
of 200 repeat time, 500 repeat time and 800 repeat time. That is consistence with 
the simulation result we have mentioned in section 3.2.2. However, it seems that 
no improvement is made between the original wire and the wire with 200 repetition 
time. This may be caused by the insufficient depth for 200 repetition time to cause 
a significant improvement. From data of 200 repetition time, 500 repetition time 
and 800 repetition time on Figure 7.19, the % of improvement is approximately 
have 45% 800 repetition time under the 1.5A applied current, and 38% under 
1.25A applied current. With 5 V applied voltage for all experiments done in this 
dissertation, the power consumptions is 6.25 Watt for 1.25A currents. 
This experimental clarification shows the validity of our simulation result. 
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Figure 7.18 The time requirement for heating up to 30 degree by 
using different wires cut by various repetition time. 
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Figure 7.19 The % of improvement for heating up to 30 degree by 
using different wire cut by various repetition time. 
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8 CONCLUSION 
We have designed and fabricated an inchworm-type micro robot to 
demonstrate a full SMA actuated micro-robot. Based on theoretical analysis, we 
have experimentally tested Nitinol wires with laser-micromachined grooves in 
order to improve actuator time response performance. We have successfully cut 
60|am deep, 140iam wide grooves in 750|am diameter Nitinol wires to increase the 
surface area. With a computer controlled translation table, we may be able to cut 
the groove with even smaller width. 
When compared to an original un-fabricated wire, a 80mm long wire with 
35 nicks has a approximately 38% decrease in time required to reach the transition 
temperature when heated at 1.25A input current and approximately 25% decrease 
in cooling time. While at 1.5A current input, the improvement on heating is about 
45%. In addition, we have revealed that under a lower current, the groove 
fabrication can bring larger force improvement. For example, we have discovered 
that the recovery force of the cut wire under the current as low as 0.5A to l A wi l l 
be larger than the non-cut wire. 
Moreover, we have tried several methods to model the SMA temperature 
response, and found with a sufficient mathematical model. This model was used to 
match several experimental results successfully. 
The fundamental SMA time-improvement work done in this dissertation 
can be used to build much improved micro-robotic systems in the future. 
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9 FUTURE WORK 
With these encouraging results from the laser-micromachined SMA 
actuators, there are several things that we suggested to put more efforts in the 
further. 
First of all, we can perform theoretical analyses to determine the optimal 
relationship between the improvement in force and the number of cuts on SMA 
wires. An optimal pattern design with larger force and faster response can be 
achieved after this analysis. 
Second, we can also extending our current work to 2-way SMA wires. 
Successful results wi l l certainly improve the travel speed of SMA micro-robots 
significantly and widen the application of SMA actuators. 
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A. APPENDIX 
A,1 Procedures for quick WYKO surface profile measurements 
There are several operational procedures for quick start-up measurements. 
After resting the MCNC chip on the stage, move the chip around by a pair of 
tweezers under the camera until images can be roughly seen at the video monitor. 
Then adjust both the z-axis crash protective interlocks and the focus knob until a 
clear image of the sample is obtained. Visually inspect the clearance between the 
chip and the objective to avoid physical contact, which could result in damaging 
the microstructures. Lower the interlocks position i f the sample is still out of focus 
at the stops. When a sharp image appears, align the chip as close to right angle as 
possible，because neither the stage nor the camera has z-axis rotation 
compensation. Next is to tilt the stage such that dark and light fringes are visible 
on the video monitor. We can adjust the focusing knob such that the fringes are 
observable at the chip substrate, or at the topmost gold layer of the chip. Launch 
the corresponding computer software, adjust the tilt knobs again such that only 2 or 
3 fringes is visible as required by the surface profiler, then we are ready to take 
height data from different regions on the chip. Input such as range of z-axis travel 
and PSI or VSI operation mode must be clarified before making new 
measurements. I f fringes appear at the substrate level then back-scan can be set to 
55 |im and total range to about 60 ^im to 70 \xm accordingly to cover the entire 
profile. The travel distance can be reduced to decrease measuring time once the 
approximate limits are obtained. Zoom to the specific area of interest by selecting 
the suitable magnification factor. WYKO recommends auto-intensity for quick 
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measurements, but this often results in lack of contrast. Increase the intensity level 
such that it is just slightly below saturation provides better brightness. 
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